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Hybridization between Ce f and conduction d states has been speculatively known to be one of
the mechanisms responsible for magnetic instability of the ferromagnetic ground state of CeFe2.
Substituting Fe by small amounts of certain elements stabilizes it to an antiferromagnetic state
below the Curie temperature via a first-order second phase transition. In the present work, we seek
any direct relation between the f−d hybridization and the second transition by measuring primarily
dc magnetization and Ce M4,5 edge x-ray absorption spectra of Ce(Fe1−xMx)2 pseudobinaries, with
M = Cr, Ag and Au. X-ray diffraction and x-ray photoelectron spectroscopy measurements are
also performed essentially to monitor the quality of the samples. Whereas Cr impurity is found to
cause the second transition, Ag and Au apparently do not induce any. In the former, the Curie and
second transition temperatures vary systematically, but differently, with x. Our results imply that
there is a definite proportionality between the x dependences of the second transition temperature
and the f − d hybridization strength estimated qualitatively from the absorption spectra.
PACS numbers: 75.20.En, 75.30.Kz, 75.60.Ej
I. INTRODUCTION
The C15 Laves phase compound CeFe2 is known to
be an unstable ferromagnet with the existence of anti-
ferromagnetic (AFM) spin fluctuations in ferromagnetic
(FM) ground state.1,2 This instability has been exten-
sively studied with the help of impurity substitutions at
the Fe site. A very small amount (∼ 5 %) of certain
impurities, specifically Co, Ru, Ir, Al, Os, Re, Ga, Si, is
known to cause a total loss of ferromagnetism at temper-
atures lower than the CeFe2 Curie temperature (TC ∼
230 K).3–8 This second, FM-AFM, transition has been
reported to be of first-order nature.9–11 For certain other
impurities, viz., Mn, Ni, Cu, Rh, Pd, and Pt, however, no
such additional magnetic phase transition occurs.1,5 Var-
ious experimental tools have been employed to know the
true magnetic state of Ce sub-lattice and the instabilities
related to the Fe sub-lattice. Theories in the literature
suggest that the instability of the FM state arises through
a competition between the ferromagnetic Fe 3d -Fe 3d in-
teraction, and the antiferromagnetic interaction due to
the Ce 4f - Ce 5d - Fe 3d hybridization.12
It is quite intriguing to find a possible connection
between the occurrence or non-occurrence, and the
composition-dependent behaviour of the second transi-
tion (if present), on the one hand, and the strengths
of the d − d interaction and f − d hybridization on the
other. There exists one experimental report by Chaboy
et al.,5 wherein they study the f − d hybridizations in
Ce(Fe1−xCox)2 using Ce L1,3-, Fe K- and Co K-edge x-
ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism. They, however, address a different
issue. They correlate an anomalous magnetic behavior
of Ce(Fe1−xCox)2, best understandable as the non-linear
(somewhat oscillatory) x-dependence of the TC, with the
Ce valence and the f − d hybridization, and found that
neither of the two is responsible for the anomaly. The
behaviour of the second transition was not looked at in
the report. In a step forward in this direction, we re-
cently reported an extensive systematic computational
investigation of the behaviour of the f − d hybridization
in representative Ce(Fe0.75M0.25)2 compounds across 3d,
4d, 5d and post-transition impurity series.13 The rele-
vant outcome of this computational study has been that
the f −d hybridization is the strongest for the Mn group
impurity in the period, and gets weakened on either side
of it.
Another consideration which possibly could help one
seek the origin of the occurrence or non-occurrence of
the impurity-induced second transition could be the crys-
tal structure of the end-compound CeM2, along with the
solid solubility of M in CeFe2. A survey of the litera-
ture cited above reveals that out of the existing second
transition inducing impurities, Al, Co, Ru, Os and Ir pos-
sess the same cubic Laves phase structure (space group
277) as CeFe2, while CeSi2 (space group 141) and CeGa2
(space group 191) are of different lattice structures, and
CeRe2 does not even exist thermodynamically. Among
the impurities not causing the second transition also,
some of the end-compounds (CeNi2, CeRh2 and CePt2)
2are isostructural with CeFe2 and some different (CeCu2 -
space group 74; CeSb2 - space group 64). So, the crystal
structure of the end-compound CeM2 has no correlation
with the second transition. Nevertheless, we have chosen
three impurities Cr, Ag and Au such that either there ex-
ists no CeM2 end-compound (CeCr2) thermodynamically
or, if it exists, it is not a Laves phase (CeAg2, CeAu2:
space group 74) compound. From the computation point
of view,13 the f−d hybridization in these pseudobinaries
are supposed to be weaker than that in CeFe2. These
impurities have hitherto not been studied.
The present work, thus, comprises of a two-fold objec-
tive: (i) to explore the occurrence and behavior of the
second transition in pseudobinaries Ce(Fe1−xMx)2 with
unexplored impurities Cr, Ag and Au, and (ii) to seek any
correlation between the behavior of the second transition
and the f−d hybridization. In the following we will show
that for Ag and Au impurities, although the hybridiza-
tion as calculated using XAS decreases in agreement with
the theoretically predicted behaviour, there is no second
phase transition. In the case of Ce(Fe1−xCrx)2, however,
the second (FM-AFM) transition exists, and the f−d hy-
bridization nicely follows the concentration dependence
of the FM-AFM transition temperature. The work, this
way, is another step forward to find origin of the occur-
rence or non-occurrence of the second transition in Fe
substituted CeFe2.
II. EXPERIMENT
Polycrystalline CeFe2, and Ce(Fe1−xCrx)2 (x =
0.01, 0.02, 0.025, 0.03, 0.04), Ce(Fe0.96Ag0.04)2, and
Ce(Fe0.97Au0.03)2 alloys were prepared by arc melting
high-purity (≥ 99.9 %) elemental metals in an argon at-
mosphere. The alloy buttons were remelted thrice to
ensure homogeneity. The buttons were then sealed sepa-
rately in evacuated quartz tubes and annealed in a con-
trolled manner as suggested by Roy et al..4 Energy dis-
persive analysis of x-rays (EDAX) was performed on each
sample to have an estimation of the atomic percentages
of the elements present using a JEOL JEM-2100 scanning
electron microscope. Structural analyses of the samples
were performed at room temperature by powder x-ray
diffraction (XRD) using a Cu-Kα source from a Philips
X’Pert MRD x-ray diffractometer. The samples were fur-
ther analysed by x-ray photoelectron spectroscopy (XPS)
at room temperature using a PHI 5000 Versa Probe II
system. The XPS data were recorded under ultra-high
vacuum condition with a base pressure of ∼ 5 × 10−10
mbar using an Al-Kα source, a hemispherical analyser
and a multichannel detector. In order to reduce the sur-
face effects, clean sample surfaces were first obtained by
cleaving the polycrystals before inserting into the UHV
chamber, and then sputtering the surface using Ar+ ions
before the data collection.
The dc magnetization measurements were performed
using either a physical property measurement system
from Cryogenic or a superconducting quantum interfer-
ence device from Quantum Design. X-ray Absorption
Spectroscopy (XAS) experiments were performed at the
Ce M4,5 edges using the soft x-ray beam in total electron
yield mode from the bending magnet port BL-1 of the
INDUS-2 ring at Raja Ramanna Centre for Advanced
Technology, Indore, India. Samples were cleaved before
transferring them into the UHV XAS chamber.
III. RESULTS AND DISCUSSION
A. X-ray diffraction
Figure 1(a) shows the XRD patterns of all the samples.
The patterns are compared with Joint Committee on
Powder Diffraction Standards (JCPDS) file (1999) and
indicate that the samples are in a single-phase MgCu2-
type cubic Laves phase structure, with only a very weak
cerium oxide peak at 2θ ∼ 28◦ and 47◦ in some com-
pounds. The appearance of the minor cerium oxide is
inevitable due to the chemically very reactive surface
characteristics14 of the pseudobinaries. However, a peak
area based quantification suggests that the amount of the
oxide does not exceed 5 % and hence would not influence
the alloy properties substantially.
Figure 1(b) displays the variation of lattice constant a
of the alloys with composition x. The x errors have been
determined by considering the EDAX estimated compo-
sitions and quantitative compositional analyses of high-
resolution Fe and M XPS spectra (not shown). The aver-
age lattice constants and corresponding errors have been
determined by fitting each prominent XRD peak of an
alloy with the Bragg’s law, collecting the different a val-
ues and then averaging them out. The average lattice
constant of CeFe2 is thus found to be 7.299 ± 0.002 A˚,
and agrees well with the existing literature value.15 Even
with the large error bars, the following can very tenta-
tively be inferred from the figure. For Cr impurities, the
lattice constant increases linearly up to x ∼ 0.03 and
then becomes constant. The increase must be due to the
larger atomic radius of Cr (1.39 A˚) than that of Fe (1.32
A˚), which is being substituted. However, a comparison
of the lattice constant increase with Vegard’s law is not
possible because the end-compound CeCr2 does not exist
and hence its lattice constant is not known. The appar-
ent attainment of constant a value for x > 0.03 indicates
that the solubility limit of Cr in CeFe2 may be x ∼ 0.03.
In case of Au also, the increase in a is in agreement with
the larger atomic radius of Au (1.36 A˚) than of Fe. In
case of Ag, however, there is no change in the lattice
constant at 4 atomic % Ag. Possibly, Ag has no solid
solubility in CeFe2.
3B. X-ray photoelectron spectroscopy
Figure 2(a) displays the Ce 3d core-level spectrum
along with its deconvolution. As can be seen, each spin-
orbit split line-shape consists of three peaks, viz., 3d94f 0,
3d94f 1 and 3d94f 2, a typical feature of the strongly hy-
bridized CeFe2, as also reported in the literature.
16 We
refer to them as f0P , f
1
P and f
2
P peaks, respectively, P de-
noting photoemission. There are also components corre-
sponding to CeO2, and an area based quantitative anal-
ysis puts the CeO2 concentration at ∼ 8%, not much
different from the XRD results. However, CeO2 being
non-magnetic, it would not affect the present results and
findings to any extent.
The Ce 3d core-level spectra of all the samples are
shown in Fig. 2(b). Deconvolutions (not shown) of the
spectra suggest that all these contain the same features,
although with varying amounts of CeO2. According to
the deconvolutions, all the f0P , f
1
P and f
2
P peaks occur
at the same respective positions for all the samples, sug-
gesting that the oxidation states of Ce remain unaltered
on the introduction of impurities. Although there ex-
ists a prescription of estimating the strength of f − d
hybridization, or at least the change in this strength on
impurity substitution, via the ratio f0P /(f
0
P + f
1
P ) of the
area of the f0P peak to the sum of the areas of the f
0
P
and f1P peaks,
5,17,18 the impurity concentrations are so
small that the changes would be negligible. The estima-
tion with the area ratio becomes even more erroneous
because of the spectrum to spectrum variation in the
determination of the background, which has to be sub-
tracted before finding the areas. For this reason, we do
not interpret the XPS spectra further and limit its usage
just to demonstrate that the samples are satisfactorily
good for further analyses.
C. Magnetization
Figure 3 shows the temperature dependence of zero-
field-cooled (ZFC) magnetizations (M-T) of CeFe2,
Ce(Fe0.96Au0.03)2 and Ce(Fe0.97Ag0.04)2 samples in the
temperature range 5 K to 300 K and in an external field
500 Oe for the first two samples and 50 Oe for the last
one. The parmagnetic (PM) to ferromagnetic phase tran-
sition can be seen to occur at TC1 ∼ 225 K for all the
samples. Further, the FM state of the Ag and Au sub-
stituted samples continues to exist down to 5 K, as in
CeFe2. Since the concentrations of all the reported sec-
ond transition inducing impurities lie in this range, we
believe that Ag and Au would not cause the FM-AFM
transition at any impurity concentration.
The ZFC magnetizations of Ce(Fe1−xCrx)2 samples,
including that of CeFe2, in the same temperature range
and fields as above, are shown in Fig. 4(a). From the
figure, the TC1 can be seen to vary with x. Such x-
dependence of TC1 has been reported earlier for Ga, Co
and Si impurities in CeFe2.
7,8,19 Apart from this, a sec-
ond transition can be seen at lower temperatures for
x ≥ 0.01, with an x-dependent transition temperature
TC2 below 50 K. However, the magnetization below TC2
does not go to zero, suggesting that the FM phase coex-
ists with the new phase at lower temperatures at 500 Oe
field. Further, the second transition for x = 0.01 sample
is quite feeble. Coexistence of FM and AFM phases, lead-
ing to a canted spin structure, has been reported earlier
in Ce(Fe0.98Ru0.02)2
1 and Ce(Fe0.95Co0.05)2.
14 The sec-
ond transition has been reported to be of the first order
for these systems.1,14 An indication of the low temper-
ature phase in Ce(Fe1−xCrx)2 (x ≥ 0.01) being AFM
can be found in Fig. 4(b), wherein the M-T plots un-
der both ZFC and field-cooled-warming (FCW) condi-
tions are displayed for various external fields. The figure
suggests that the second transition gets gradually sup-
pressed with the increase of magnetic field, and the field
as high as 40 kOe is able to suppress the low temperature
transition completely. Such observations have also been
reported for Ga-doped CeFe2 compounds
7 and have been
linked with the suppression of the second transition by
the field.
The magnetic nature of the low temperature phase in
Ce(Fe1−xCrx)2 can further be inferred from the hystere-
sis (M-H) curves measured at 2 K and shown in Figs.
5(a) - 5(d). Figure 5(a) suggests that CeFe2 is a nor-
mal ferromagnet showing saturation already at very small
fields. This behaviour of CeFe2 and its saturation mag-
netization 55.8 emu/g, equalling a magnetic moment of
2.48 µB/ f.u., is in agreement with the literature.
20 The
Ce(Fe0.99Cr0.01)2 sample also shows more or less the
same behaviour since the second transition as observed in
the corresponding M-T curve is weak. For x ≥ 0.02 sam-
ples, which show a clear second transition in the corre-
sponding M-T curve, five-quadrant M-H isotherms have
been taken (Figs. 5(b) - 5(d)) at 2 K with the mini-
mum field sweep rate 200 Oe/min. In each of these, the
magnetization is linear with the field at very low fields,
which is indicative of the presence of an AFM phase at
this temperature, as reported also by others.1,7 The do-
mains start lying parallel to the field during the incre-
ment of the field further, and the FM loop opens up at
higher fields. Such field induced transitions have been re-
ported for Ru-, Re- and Ga-substituted CeFe2. The loop
openings, thus strongly suggest that the low temperature
phase, coexistent with the FM phase, is AFM. The asym-
metry in the data between the increasing and decreasing
field cycles could be due to the supercooling effect as-
sociated with a first-order phase transition.6,9 The rela-
tively sharp multiple magnetization step observable for
x = 0.025 (Fig. 5(c)) has a marked similarity with Re-
, Ru-, Ga-substituted CeFe2 compounds and with some
Perovskite and GMR manganites.7,21–23 The step-type
behaviour can be linked with the presence of a marten-
sitic strain in the system,7,21–23 but this aspect is not
important for the present study. The occurrence of such
steps has also been suggested to be due to the thermal
and magnetic history of the samples.10,24 Just in order
4to check this, two-loop M-H isotherms were also recorded
for the Ce(Fe0.975Cr0.025)2 sample without field cycling
and in the sequence 0-5-0-5-0 T at the sweep rate of 200
Oe/min. The data are presented in Fig. 6. The isotherms
in this case are found to be different from the previous run
in that the magnetization attains near saturation value
at relatively lower fields, and demonstarte the influence
of magnetic history in determining the step or smooth
behaviour of the transition.
We chose the Ce(Fe0.975Cr0.025)2 sample for finding out
the natures of the two transitions and recorded Arrott
plots (H/M versus M2) near TC1 and TC2. The plots
are shown in Figs. 7(a) and 7(b), respectively. Positive
slopes possessed by all the curves near TC1 (Fig. 7(a))
suggest that the first (PM to FM) transition is of second
order,25 in consistence with the literaure. The change
of curvature happens at around 210 K, putting the TC1
value for this pseudobinary at ∼ 210 K. However, the
Arrott plots near TC2 have a tendency to have a negative
slope beyond 40 K. This clearly indicates that the second
(FM to AFM) transition is of first order nature25 and
that the TC2 value for this pseudobinary is ∼ 40 K.
Based on the above discussion, a T - x magnetic phase
diagram has been drawn in Fig. 8. For Cr substitutions,
the phase diagram can be divided into three regions sep-
arated by TC1 and TC2 curves. As can be seen from the
figure, TC1 falls visually exponentially from∼ 225 K to ∼
210 K on increasing the Cr concentration and separates
the PM and FM regions. On the other hand, TC2, which
separates the FM region and the one with a combination
of AFM and FM, i.e., with canted spins, first rises up
to ∼ 50 K for x = 0.03 and then falls. An extrapola-
tion suggests a visually quadratic variation of TC2 with
x. The canted spin structure can be anticipated to cease
to exist beyond ∼ 6 % of Cr in CeFe2. Such a dome-like
canted-spin region has also been reported for Co substi-
tutions in CeFe2.
5 The data points for Ag and Au also
have been shown in the phase diagram.
D. X-ray Absorption Spectroscopy
For XAS, we start with the Ce M4,5 edges of Cr-series
samples Ce(Fe1−xCrx)2, including the XAS of CeFe2, be-
cause this is the series which shows variations in the mag-
netic properties. The spectra are shown in Fig. 9(a). It is
known from theory and experiments26 that the Ce M4,5
edge XAS spectra in Ce compounds are determined by
transitions of type 3d10 4f n → 3d9 4f n+1. The domi-
nant transitions are specifically (i) from the initial state
3d10 4f 0, corresponding to Ce4+, to 3d9 4f 1 final state,
and (ii) from the initial state 3d10 4f 1, corresponding to
Ce3+, to 3d9 4f 2 final state. This happens for both the
spin-orbit split components. In the spectra, the main
peaks are due to the 3d94f 2 final-state multiplets, la-
beled as f2, while the satellite structures ∼ 5 eV above
the main peaks are due to the 3d94f 1 final states, labeled
as f1. Before presenting the spectra as in Fig. 9(a), any
CeO2 components
27 were deconvoluted and subtracted.
The ‘white lines’ corresponding to the f2 peaks of the
M5 components were then matched at the rising edge
and their intensities normalized to 1. The presence of
both the f1 and f2 peaks in the spectra corroborates the
XPS results on the existence of mixed Ce valence and
indicates a strong 4f -conduction electron ( i.e., f − d)
hybridization in all the samples.26
In order to proceed further on the analyses of the XAS
data, we refer to the theoretical work by Fuggle et al.26
cited above on intermetallic compounds of Ce. Based on
an earlier XPS work, they assumed that the ground state
wavefunction ψ of Ce in such mixed valance compounds
can be written as a mixture of 4f0 (i.e., Ce4+), 4f1 (i.e.,
Ce3+) and 4f2 (i.e., Ce2+) initial-state wavefuncitons
φ0, φ1, and φ2, with weight factors c(f0), c(f1) and c(f2),
respectively, such that ψ = (c(f0))
1/2φ0 + (c(f1))
1/2φ1 +
(c(f2))
1/2φ2. Then, using a modified Anderson impurity
model, they calculated the 3d → 4f XAS spectra, which
contain the two peaks f1 and f2 corresponding to the
transitions 3d10 4f0 → 3d9 4f1 and 3d10 4f1 → 3d9 4f2,
respectively, as also obtained in this work and mentioned
above. The f1 peak, according to their calculations, oc-
curs at an energy 4 - 6 eV above the f2 peak. The present
results also maintain the f1 - f2 relative peak positions
in the same range. They further showed that the relative
intensity I(f1)/[I(f1) + I(f2)] of the f1 peak is equal
to the weight c(f0) of the Ce
4+ initial state, if there is
no mixing of the f levels and the conduction states, i.e.,
for zero f − d hybridization width. If the hybridization
is introduced and incremented, the relative intensity de-
viates from the equality with c(f0), and for a large hy-
bridization becomes even half of the c(f0) value provided
that c(f0) remains unaltered. This way, in the present
work where I(f2) is made fixed, the variation in I(f1)
should give a measure of the variation in the hybridiza-
tion strength with the Cr composition. Such x-dependent
change in I(f1) can indeed be visualized in Fig. 8 and
its insets. However, its quantification is not straightfor-
ward. First, determination of a proper background for
an f1 peak is not unique, then there are possible multi-
plet effects and many-body tails as mentioned by Fuggle
et al.,26 and finally any x-dpependent variation would be
insignificant since the Cr concentrations are very small.
A rough calculation using linear background, and tak-
ing the peak intensity as the area under the peak with
the background subtracted, shows a very small (∼ 10%)
and unsystematic change in I(f1) with x. This means
that either essentially no information on the variation of
the f − d hybridization is availbale in the data, or there
is no change in the hybridization with x. However, an
interesting observation was made during this practice -
the f1 peak positions, which ought to be unaffected by
the selection of the background to be subtracted, vary
with x, although visually non-monotonically. In order to
find out the cause of this shift, we reverted back to the
theoretical results by Fuggle et al..26 Their calculations
do suggest that an incremental increase in c(f0), i.e., in
5the f − d hybridization, apart from increasing I(f1), is
also associated with a systematic decrease in the rela-
tive peak position of f1. Further, an examination of the
plot between I(f1)/[I(f1)+I(f2)] and c(f0) in their work
suggests that for nominal changes in I(f1) as observed in
the present results, an increase in the f −d hybridization
strength must correspond to an increase in c(f0). Thus, if
the theoretical model is valid, (an increase in) the f1 - f2
peak separation ∆f1, which is robust against the choice
of the background, must also be a measure of (a decrease
in) the f − d hybridization strength.
The plot of ∆f1 versus x for Ce(Fe1−xCrx)2 series has
also been shown superimposed on the magnetic phase
diagram in Fig. 8, with ∆f1 on the right y-axis. As dis-
cussed above, the ∆f1 axis also represents a decreasing
f − d hybridization. Interestingly, ∆f1 appears to follow
exactly the same x variation as does the TC2. This indi-
cates that the FM-AFM instability observable in CeFe2
is to some extent directly determined by the change, in
the present case the decrease, in the f − d hybridization
on impurity substitution. However, similar analyses per-
formed on the XAS spectra of Ag and Au substituted
CeFe2 (Fig. 9(b)), i.e. in the cases where the impurity
does not induce the second transition, the ∆f1 values,
also plotted in Fig. 8, are finite. The decrease in the
f −d hybridization in all the three impurity cases is con-
sistent with the previous computational results.13 Had
the f −d hybridization been the only mechanism driving
the second transition, the two values would have been
zero. Therefore, within the assumption that the theory
reported by Fuggle et al.26 is true, it can be inferred from
the present study that although the change in the f − d
hybridization is not a sufficient condition for impurity in-
duced magnetic instability in CeFe2, it is necessary, and
has a definite proportionality with the second transition
temperature.
IV. CONCLUSION
We present in this work dc magnetization and Ce
M4,5 edge x-ray absorption spectroscopy studies of
Ce(Fe1−xMx)2 compounds, with M = Cr, Ag and Au,
to seek any direct relation between the f − d hybridiza-
tion and the sub-Curie temperature second phase transi-
tion, if any, associated with the instability of ferromag-
netism in CeFe2. Two supplementary measurements -
x-ray diffraction and x-ray photoelectron spectroscopy -
are also performed to monitor the quality of the samples,
the latter of which suggests that the oxidation states of
Ce remain unaltered on substitution of Fe by the impuri-
ties M. Whereas the second transition is observable for Cr
impurities, Ag and Au show none. The phase below the
second transition temperature is inferred to be antiferro-
magnetic and the transition is found to be of first-order
nature. The temperature-composition magnetic phase
diagram derived from the magnetization data consists
of three regions separated by the Curie and the second
transition temperatures. Both the transition tempera-
tures are found to vary systematically, but differently,
with composition. The absorption data are analyzed on
the basis of an existing theoretical report, wherein CeFe2
x-ray absorption spectra for different f − d hybridiza-
tion strengths have been calculated and each spectrum is
shown to consists of two peaks - f1 and f2. A correlation
between the relative peak position and the hybridization
strength can be derived from the spectra. Qualitative
hybridization strengths calculated this way for the com-
pounds with Cr impurity, which exhibit the second tran-
sition in the present work, are shown to follow the same
composition dependence as does the second transition
temperature. It is inferred that although the change in
the f − d hybridization is not a sufficient condition for
impurity induced magnetic instability in CeFe2, it is nec-
essary, and has a definite proportionality with the second
transition temperature.
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FIG. 1: (a) XRD pattern of Ce(Fe1−xMx)2 samples.
Top panel - M = Ag and Au; bottom panel - M = Cr
for different x. (b) Variation of lattice constant with x
for different M.
8910 900 890 880 870
fP
0
fP
0
fP
1
fP
1
fP
2
fP
2In
te
ns
ity
 (a
. u
.)
Binding energy (eV)
C
eO
2
(a)
910 900 890 880 870
fP
0 fP
0
fP
1
fP
1
fP
2
0.04
0.03
0.025
0.02
0.01
 Cr
 Ag
 Au
 
In
te
ns
ity
 (a
. u
.)
Binding energy (eV)
(b)
x = 0
fP
2
FIG. 2: (a) Ce 3d XPS spectra of CeFe2 with the
deconvoluted peaks. Open circles represent the data.
the thicker line is is the fit, and the thinner lines
separate the deconvoluted peaks. The dotted curve is
the difference between the data and the fit. (b) Ce 3d
XPS spectra of Ce(Fe1−xCrx)2 for all x and M.
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FIG. 3: Temperature dependence of magnetization for
CeFe2, Ce(Fe0.97Au0.03)2 and Ce(Fe0.97Ag0.04)2
compounds under an external field of 500 Oe for the
former two and 50 Oe for the latter.
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FIG. 4: (a) M-T curves for CeFe2 under 500 Oe
external field. (b) M-T curves for Ce(Fe0.975Cr0.025)2
under different external fields. Symbopls and lines
represent FC and ZFC data, respectively.
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FIG. 5: M-H hysteresis curves for CeFe2 and
Ce(Fe0.99Cr0.01)2 (a). Five-quadrant M-H isotherms of
Cr series for x = 0.02 (b), 0.025 (c) and 0.03 (d).
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FIG. 6: M-H isotherms for Ce(Fe0.975Cr0.025)2
compound without field cycling.
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FIG. 7: Arrott plots for Ce(Fe0.975Cr0.025)2 compound
near first (a) and second (b) transitions.
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FIG. 9: Ce M4,5 edge XAS spectra for (a) Cr series and
(b) Ag and Au in comparison with CeFe2. The insets
show a magnified view of the spectra near the f1 peaks.
